In this paper model of integrated voice/data cellular wireless networks (CWN) are investigated. The unified approximate approach to calculate the desired Quality of Service (QoS) metrics in an isolated cell of such networks under two multi-parametric call admission control (CAC) strategies is developed. One of them is based on the guard channels scheme while the second is based on a threshold scheme. Results of the numerical experiments are given and a comparison of QoS metrics under different CAC strategies is carried out.
Introduction
A cellular wireless network (CWN) consists of radio access points, called base stations (BS), each covering a certain geographic area. With distance, the power of radio signals fade away (fading or attenuation of signal occurs) which makes it possible to use the same frequencies over several cells, but in order to avoid interference, this process must be carefully planned. For better use of frequency resources, existing carrier frequencies are grouped, and the number of cells, in which this group of frequencies is used, defines the so called, frequency reuse factor. Therefore, in densely populated areas with a large number of mobile subscribers (MS), small dimensioned cells (micro-cells and pico-cells) are to be used.
In connection with the limitation of transmission spectrum in a CWN, problems of allocation of common spectrum among cells are very important. A unit of the wireless spectrum, necessary for serving a single user is called a channel (for instance, time slots in TDMA are considered as channels). There are three solutions for the channels allocation problem: Fixed Channel Allocation (FCA), Dynamic Channel Allocation (DCA) and Hybrid Channel Allocation (HCA). Advantages and disadvantage of each of these are well known [1] [2] [3] . At the same time, owing to realization simplicity, the FCA scheme is widely used in existing cellular networks. In this paper models with FCA schemes are considered.
Quality of service (QoS) in the certain cell with the FCA scheme could be improved if appropriate call ad-mission control (CAC) strategies for the heterogeneous traffic are provided. The use of such an access strategy doesn't require many resources, therefore this method could be considered operative and more effective in view of problems relating to resource shortages.
Apart from original (or new) calls (o-calls) flows, additional classes of calls that require a special approach also exist in wireless cellular networks. These are socalled handover calls (h-calls). This is specific only for wireless cellular networks. The essence of this phenomenon is that a moving MS, that already established connection with a network, passes boundaries between cells and gets served by a new cell. From the new cell's point of view this is an h-call, and since the connection with the MS has already been established, the handling of the transfer to a new cell must be transparent for the user. In other words, in wireless networks the call may occupy channels from different cells, several times during the duration of the call. This means that the channel occupation period is not the same as the call duration.
Mathematical models of call handling processes in multi-service CWN can be developed adequately enough based on a queuing theory of networks with different types of calls and random topology. Such models are researched poorly in literature [4] [5] [6] . This is explained by the fact, that despite the elegance of those models, in practice they are useful only for small dimensional networks and with some limiting simplifying assumptions that are contrary to fact in real functioning wireless networks. In connection with that, in the majority of the research work models of an isolated cell are analyzed.
In the overwhelming majority of available work, one-dimensional queuing models of call handling processes in an isolated cell of mono-service CWN are proposed. However these models cannot describe the studying processes in multi-service CWN since in such net-works calls of heterogeneous traffic differ significantly with respect to their bandwidth requirement and arrival rate and channel occupancy time. In connection with that in the given paper new two-dimensional (2-D) queuing models of multi-service networks are developed. In order to be specific we consider integrated voice/data CWN. In such networks voice calls (v-calls) are more susceptible to possible losses and delays than data (original or handover) call (d-calls). That is why a number of different CAC strategies for prioritization of v-calls are suggested in various works, mostly implying the use of guard channels (cutoff strategy) for high priority calls [7] [8] and/or threshold strategies [9] which restrict the number of low priority calls in channels.
In this paper we introduce a unified approach to approximate performance analysis of two multi-parametric CAC in a single cell of un-buffered integrated voice/data CWN which differs from known works in this area. Our approach is based on the principles of theory of phase merging of stochastic systems [10] .
The proposed approach allows overcoming an assumption made in almost all of the known papers about equality of handling intensities of heterogeneous calls. Due to this assumption the functioning of the CWN is described with one-dimensional Markov chain (1-D MC) and authors managed simple formulas for calculating the QoS metrics of the system. However as it was mentioned in [11] the assumption of the same mean channel occupancy time even for both original and handover calls of the same class is unrealistic. The presented models are more general in terms of handling intensities and the equality is no longer required. This paper is organized as follows. In Section 2, we provide a simple algorithm to calculate approximate values of desired QoS metrics of the model of integrated voice/data networks under CAC based on the guard channels strategy. A similar algorithm is suggested in Section 3 for the same model under CAC based on a threshold strategy. In Section 4, we give results of numerical experiments which indicate high accuracy of the proposed approximate algorithms as well as a comparison of QoS metrics in different CAC strategies. In Section 5 we provide some conclusion remarks in conclusion.
The CAC Based on Guard Channels Strategy
It is well-known that in an integrating voice/data CWN voice calls of any type (original or handover) have a high priority over data calls and within each, flow handover calls have high priority over original calls.
As a means of assigning priorities to handover v-calls (hv-call) in such networks a back-up scheme that involves reserving a particular number of guard channels of a cell, expressly for calls of this type, is often utilized. According to this scheme any hv-call is accepted if there exists at least one free channel, while calls of the remaining kind are accepted only when the number of busy channels does not exceed some class-dependent threshold value.
We consider a model of an isolated cell in an integrated voice/data CWN without queues. This cell contains N channels, 1 < N < . These channels are used by Poisson flows of hv-calls, original v-calls (ov-calls), handover d-calls (hd-calls) and original d-calls (od-calls).
Intensity of x-calls is  x , xov,hv,od,hd. As in almost all cited works the values of handover intensities are considered known hereinafter, although it is apparent that definition of their values depending on the intensity of original calls, shape of a cell, mobility of an MS and etc. is rather challenging and complex. However, if we consider the case of a uniform traffic distribution and at most one handover per call, the average handover intensity can be given by the ratio of the average call holding time to the average cell sojourn time [12] .
To handle any narrow-band v-call (either original or handover) only one free channel is required, while one wide-band d-call (either original or handover) requires simultaneously b  1 channels. Here it is assumed that wide-band d-calls are inelastic, i.e. all b channels are occupied and released simultaneously (though can be investigated as can models with elastic d-calls).
Note that the channels' occupancy time considers both components of occupancy time: the measure of calls duration, and their mobility. Distribution functions of channel occupancy time of heterogeneous calls are assumed to be independent and exponential, but their parameters are different, namely the intensity of handling of voice (data) calls equals  v ( d ), and generally speaking  v   d . If during call handling the handover procedure is initiated, the remaining handling time of this call in a new cell (yet as an h-call) is also exponentially distributed with the same mean due to the memory-free property of exponential distribution.
In a given CAC the procedure by which the channels are engaged by calls of different types is realized in the ( ) ( )
 n n (6) Arrived ov-call is accepted if the number of busy channels is less than N 3 , otherwise it is blocked. Arrived od-call (respectively, hd-call) is accepted only in the case at most N 1 -b (respectively, N 2 -b) busy channels, otherwise it is blocked.
where I(A) denoted the indicator function of event А and
The mean number of busy channels is also calculated via stationary distribution as follows:
N  Consider the problem of finding the major QoS metrics of the given multi-parametric CAC strategy -blocking (loss) probabilities of calls of each type and overall channels utilization. For simplicity of intermediate mathematical transformations first we shall assume that b=1. The case b > 1 is straightforward (see below).
 
where
are marginal probability mass functions.
By adopting an assumption for the type of distribution laws governing the incoming traffics and their holding times it becomes possible to describe the operation of an isolated cell by means of a two-dimensional Markov chain (2-D MC), i.e. in a stationary regime the state of the cell at an arbitrary moment of time is described by a 2-D vector n=(n d , n v ), where n d (respectively, n v ) is the number of data (respectively, voice) calls in the channels. Then the state space of the corresponding Markov chain describing this call handling scheme is defined as follows:
Elements of generating matrix of this MC are determined from the following relations:
n n e n n e n n e n,n n n e n n e n n e (2) Stationary distribution is determined as a result of the solution of an appropriate SGBE of the given 2-D MC. However, to solve the last problem one requires laborious computation efforts for large values of N since the corresponding SGBE has no explicit solution. Very often the solution of such problems is evident if the corresponding 2-D MC has reversibility property [15] and hence there exists stationary distribution in a multiplicative form. Given the SGBE has a multiplicative solution only in a special case when N 1 = N 2 = N 3 = N (even in this case there are known computational difficulties). However, by applying Kolmogorov criteria [15] it is easily verified that the given 2-D MC is not reversible. Indeed, according to the mentioned criteria the necessary reversibility condition of 2-D MC consists in the fact that if the transition from state (i,j) into state (i,j) exists, then there must also be the reverse transition from state (i,j) to state (i,j). However, for MC considered this condition is not fulfilled. So by the relations (2) In [13] , a recursive technique has been proposed as the solution to the above-mentioned SGBE. It requires multiple inversion calculations of certain matrices of sufficiently large dimensions that in itself is a complex calculating procedure. To overcome the mentioned difficulties, a new, efficient and refined approximate method for the calculation of the stationary distribution of the given model is suggested below. The proposed method, due to right selection of state space splitting of corresponding 2-D MC allows one to reduce the solution of the problem considered to calculation by explicit formulae which contain the known (even tabulated) stationary distributions of classical queuing models.
State diagram of the model and the system of global balance equations (SGBE) for the steady state probabilities p(n), nS are shown in [13] . Existence of stationary regime is proved by the fact that all states of finite-dimensional state space S are communicating.
Desired QoS metrics are determined via stationary distribution of the initial model. Let P x denote the blocking probability of the x-calls, xhv,ov,hd,od. Then by using the PASTA theorem [14] we obtain:
For correct application of phase merging algorithms
This assumption is not extraordinary for an integrating voice/data CWN, since this is a regime that commonly occurs in multimedia networks, in which wideband d-calls have both longer holding times and significantly smaller arrival rates than narrowband v-calls, e.g. see [16, 17] . Moreover, it is more important to note, that the final results as shown below, are independent of traffic parameters, and are determined from their ratio, i.e. the developed approach can provide a refined approximation even when parameters of heterogeneous traffic are only moderately distinctive.
The following splitting of state space (1) is examined:
where .
 
: :
Further state classes S k combine into separate merged states <k> and the following merging function in state space S is introduced:
Function (9) :
 . Then, according to PMA, the stationary distribution of the initial model approximately equals:
where is stationary distribution of a split model with state space S k and
is stationary distribution of a merged model, respectively. By using (2) we conclude that the elements of generating matrix of this 1-D birth-death processes (BDP) q k (i,j) are obtained as follows: (2) and (11) 
The latter formula allows determining the stationary distribution of a merged model. It coincides with an appropriate distribution of state probabilities of a 1-D BDP, for which transition intensities are determined in accordance with (12) . Consequently, stationary distribution of a merged model is determined as
where,
Then by using (11) and (13) from (10) stationary distribution of the initial 2-D MC can be found. So, summarizing the above given and omitting the complex algebraic transformations the following approximate formulae for the calculation of QoS metrics (3)-(7) can be suggested:
,
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Now we can develop the algorithm to calculate the QoS metrics of the investigated multi-parametric CAC for the similar model with wide-band d-calls (due to the limited volume of work this algorithm does not present here).
Unlike the CAC based on the guard channel strategy, it is easy to see that under this one there is no circulation flow in the state diagram of the underlying 2-D MC, i.e., reversible [15] . In other words, there is a general solution to the system of local balance equations (SLBE) in this chain. Therefore, by choosing any path between these states in the state diagram, we can express any state probability p(n d ,n v ) using the state probability p(0,0). So, in case R 2 +R 3  N we get the following multiplicative solution for stationary distribution of the underlying 2-D MC:
The CAC Based on Threshold Strategy
Now we consider an alternative CAC in the integrated voice/data networks which is based on a threshold strategy. A more detailed description of the given CAC, follows. As in the CAC based on guard channels, we assume that an arrived hv-call is accepted as long as at least one free channel is available; otherwise it is blocked. For the purpose of definition of CAC based on a threshold strategy for calls of other types, three parameters R 1 , R 2 and R 3 , where
Then the proposed CAC defines the following rules for admission of heterogeneous calls: an od-call (respectively, hd-call and ov-call) is accepted only if the number of calls of the given type in progress is less than R 1 (respectively, R 2 and R 3 ) and a free channel is available; otherwise it is blocked.
For the sake of simplicity we shall assume that b=1. The case b > 1 is straightforward (see Section 2). The state of the system under the given CAC at any time is also described by 2-D vector n = (n d , n v ), where n d (respectively, n v ) is the number of data (respectively, voice) calls in the channels. Then state space of appropriate 2-D MC is given by: 
where p(0,0) is determined from normalizing condition, The elements of generating matrix of the appropriate 2-D MC in this case is determined as follows:
n n e n n e n n e n,n n n e n n e n n e (20)
Here we use the following notations: 
Blocking probability of hv-calls and the mean number of busy channels are defined similarly to (3) and (7), respectively. The other QoS metrics are defined as the following marginal distributions of initial chain:
. N In the case R 2 + R 3 > N stationary distribution has the following form:
The exact method to determine the steady state probabilities, in terms of a multiplicative representation (25) (or (26)) for large values of N, encounters numerical problems such as imprecision and overflow. These are related to the fact that with such a method the entire state space has to be generated, and large factorials and powers, close to zero, of the quantities (for low loads) or large values (for high loads) have to be calculated, i.e. there arises the problem of exponent overflow or underflow. Hence we can use a developed approximate method to determine the QoS metrics of the model, under the use of the proposed CAC based on threshold strategy, even when state space (19) is large.
As in Section 2, we assume that
and examine the following splitting of the state space
 
Next classes of states S k are combined into individual merged states <k> and in (19) the merged function with range which is similar to (27) is introduced. As in the exact algorithm, in order to find the stationary distribution within splitting classes S k we will distinguish two cases: 1) R 2 +R 3  N and 2) R 2 +R 3 > N. In the first case, the elements of the generating matrix, of appropriate 1-D BDP, are the same for all splitting models, i.e.
From the last formula we conclude that the stationary distribution within class S k is the same as that of the M/M/N  k/N  k queuing system with state-dependent arrival rates and constant service rate of each channel, i.e. (20) and (26) we conclude that elements of the generating matrix, of the merged model, are
Distribution of the merged model is calculated by using (27) and has the following form:
Finally the following approximate formulae to calculate the desired QoS metrics, under the use of the proposed CAC based on the threshold strategy, are obtained: . N 2 and N 3 ) . In other words, there is three degrees of freedom. Note, that the increase in value of one of the parameters (in admissible area) favorably influences the blocking of the probability of calls of the corresponding type only (see Figures 1  and 2) . So, in these experiments, the increase in value of the parameter N 1 leads to a reduction of the blocking probability of od-calls, but other blocking probabilities (i.e. P hv , P ov and P hd ) increase. At the same time, the increase in value of any parameter leads to an increase in the overall channels utilization (see Figure 3) .
Numerical Results
Research in other directions consists of an estimation of the accuracy of the developed approximate formulas to calculate the QoS metrics. Exact values (EV) of QoS metrics are determined from SGBE. It is important to note, that under fulfilling the mentioned assumptions related to the ratio of the loading parameters of hetero geneous traffic, the exact and approximate values (AV) almost completely coincide in all QoS metrics. Therefore these comparisons are not shown here. At the same time, it is obvious that finding the exact values of QoS metrics on the basis of the solution of SGBE appears effective only for models with moderate dimension.
It is important to note the sufficiently high accuracy of the suggested formulae even in the case where the accepted assumption about the ratio of the traffic loads is not fulfilled. To facilitate the computation efforts, as exact values of QoS metrics, we use their values calcu-lated from explicit formulas, see [21] . In mentioned work, appropriate results are obtained in the special case b = 1 and
Highest accuracy of the developed approximate formulas is observed at the calculation of the QoS metric for v-calls, since the maximal difference between exact and approximate values does not exceed 0.001. Small deviations take place in the calculation of the QoS metrics for d-calls, but also thus in the worst case scenario the absolute error of the proposed formulas does not exceed 0.09, that are quite comprehensible in an engineering practice. Similar results are observed for an average number of occupied channels of a cell. It is important to note, that numerous numerical experiments have shown, that at all admissible loads, the accuracy of the proposed approximate formulas grows with the increase in the value of the total number of channels. It is clear that in terms of simplicity and efficiency, the proposed approach is emphatically superior to the approach based on the use of balance equations to calculate the QoS metrics of the given CAC in the model with a non-identical channel occupancy time. 
 
Numerical experiments with the CAC based on the threshold strategy are carried out also. Due to the limited volume of work these results are not presented here. As in CAC based on guard channels, the increase in value of one of the parameters (in admissible area), favorably affect the blocking probability of calls of the corresponding type only. So, the increase in value of parameter R 1 leads to a reduction of the blocking probability of od-calls but other blocking probabilities (i.e. P hv , P ov and P hd ) increase. At the same time, the increase in the value of any parameter leads to an increase in the overall channels utilization.
At the end of this section we conducted research on comparative analysis of QoS metrics of two schemes: CAC based on the guard channels scheme and the CAC based on the threshold strategy. Comparison was done in the broad range of the number of channels and load parameters. In each access strategy the total number of channels is fixed and controllable parameters are N 1 , N 2 , N 3 (for CAC based on the guard channels scheme) and R 1 , R 2 , R 3 (for CAC based on the threshold strategy). As mentioned above, the behavior of the QoS metrics, with respect to the indicated controllable parameters, in different CAC, are the same.
It is important to note that with the given number of channels, loads and QoS requirements in either of the CAC strategies may or may not meet the requirements. For instance, in the model of mono-service CWN for the given values of N = 100,  o = 50 erl,  h = 35 erl following requirements P o  0.1, P h  0.007 and 80 Ñ  are not met with CAC based on guard channels irrespective of the value of the parameter g (number of guard channels), whereas CAC based on individual pool only for h-calls (i.e. r o = 0) meets the requirements at r h = 40. However, for the same given initial data, requirements P o  0.3, P h  0.0001 and are only met by CAC based on the guard channel scheme at g = 20, and never met by CAC based on the individual pool strategy irrespective of the value of its parameter r h . Thus it is possible to find the optimal strategy (in a given context) at the given loads without changing the number of channels. 60  N Apparently, both strategies have the same implementation complexity. That is why the selection of either of them, at each particular case, must be based on the answer to the following question: does it meet the given QoS requirements? These issues are a subject to a separate investigation.
Conclusions
In this paper, an effective and refined approximate approach to the performance analysis of the un-buffered integrated voice/data CWN, under different multiparametric CAC, has been proposed. Note that many well-known results related to the mono-service CWN are special cases of such proposed ones. In almost all of the available work on devoted mono-service CWN, the queuing model is investigated with assumption that both handover and original calls are identical in terms of channel occupancy time. This assumption is rather limiting and unrealistic. Here, models of the un-buffered integrated voice/data CWN are explored with more general parameter requirements. Performed numerical results demonstrate high accuracy of the developed approximate method.
It is important to note that the proposed approach may facilitate the solution of problems related to the selection of the optimal (in given sense) values of parameters in the investigated multi-parametric CAC. These problems are subjects to separate investigation.
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